Objective: Yes associated protein 1 (YAP1) is a member of the Hippo pathway, acting as a transcriptional coactivator. Results: IHC analysis of PCa tissues revealed that YAP1 staining intensities were moderate to weak in the nucleus and cytoplasm of tumor cells, whereas adjacent normal epithelia showed strong staining. We observed that benign prostates were characterized by higher expression levels of both nuclear (P=0.004) and cytosolic (P=0.005) YAP1. pYAP1 staining was weak in the cytoplasm and absent in the nucleus of all the tissues investigated. YAP1 expression was an indicator of extraprostatic extension (EPE). The level of YAP1 was negatively correlated with the level of the androgen receptor (AR) in The Cancer Genome Atlas dataset and Western blot analysis of cell lines. Conclusions: Our study suggested that YAP1 expression is heterogeneous in PCa tissue samples; therefore, YAP1 might play different roles in different aspects of PCa progression. This might involve AR-YAP1 interplay in PCa.
Introduction
Prostate cancer (PCa) is the most diagnosed cancer type and the second leading cause of cancer death in men. Yes associated protein (YAP) is a transcription co-activator that is negatively regulated by the Hippo tumor suppressor pathway. This pathway has a role in cell proliferation and apoptosis. The Hippo pathway is stimulated by cell-to-cell contact and induces cell proliferation in normal cells until the cell population reaches a certain density. When the cell density is sufficiently high, the pathway activates an inhibitory switch to stop proliferation and activate apoptosis. This proliferation-apoptosis switch is regulated by cell adhesion, cell polarity, cytoskeletal dynamics, and mechanical forces. The Hippo pathway regulates organ size in the same manner 1 . The core component of the Hippo pathway in mammals is a protein kinase cascade. This cascade starts with mammalian sterile twenty-like 1/2 (MST1/2) kinases. These kinases are activated by several intra and extracellular stimuli. The second kinase in the cascade is large tumor suppressor 1/2 (LATS1/2), which is phosphorylated by MST1/2. MOB kinase activator 1A (MOB1) acts as a cofactor for LATS1. The effector proteins in this cascade are YAP and transcriptional coactivator with a PDZ-binding domain (TAZ). In their unphosphorylated form, these proteins translocate into the nucleus and act as transcriptional cofactors. Upon phosphorylation by LATS1/2, YAP and TAZ accumulate in the cytoplasm and are directed to degradation 2 . The cytoplasmic localization of YAP is facilitated by binding of the 14-3-3 proteins to the phosphorylated form of YAP. YAP only localizes to the nucleus when the pathway is inactive, and controls the expression of differentiation, tissue growth, pro-proliferative, and anti-apoptotic genes, together with several transcription factors. Runt-related transcription factor 2 (Runx2), TEA domain (TEAD), tumor protein p73 (p73), human epidermal growth receptor 4 (ErbB4), SMAD family member 7 (Smad7), and SMAD family member 1 (Smad1) are among the transcription factors that YAP can bind 3, 4 . There are several upstream modulators of the pathway. Merlin, a cytoskeletal protein encoded by Neurofibromatosis 2 (NF2), is a positive regulator of the pathway, and therefore is an inactivator of YAP. Ras-association domain family (RASSF) proteins also activate MST1/2 5 . Other than these well-known regulators, E-cadherin, G protein-coupled receptors (GPCRs), and the leukemia inhibitory factor receptor (LIFR) have been reported to play roles in modulation of YAP activity, dependent or independent of the Hippo pathway 6 .
The role of YAP1 in oncogenesis is still controversial. Although YAP1 was initially proven to be proto-oncogenic and its expression is increased in breast cancer 7 , hepatocellular carcinoma 8 , colorectal cancer 9 , gastric cancer 10 , pancreatic cancer 11 , and esophageal squamous cell carcinoma 12 , other studies showed that YAP1 expression is decreased, such as in breast 13 and prostate 14 cancers, claiming that the protein functions as a tumor suppressor.
There are few studies in the literature analyzing YAP1 level in PCa tissue samples. Sheng et al. 15 evaluated 32 PCa, 15 benign prostatic hyperplasia (BPH), and 15 para-PCa (paraPCa) tissues. They showed that YAP1 was abundant in cancer tissue, absent in BPH, and scarce in para-PCa tissues. Their results indicated that the YAP1 level is positively correlated with the Gleason score, tumor, node, metastasis (TNM) staging, and prostate-specific antigen (PSA) levels. Zhang et al. 16 compared 7 primary therapy-naive PCa tissues with 13 castrate-resistant PCa tissues in terms of YAP1 levels. Little or no YAP1 was observed in primary samples; however, YAP1 was activated and overexpressed in castrate-resistant cases.
To determine the relevance of the Hippo/YAP pathway in PCa pathogenesis, we sought to evaluate the expression and subcellular localization of YAP1 and phosphorylated YAP1 (pYAP1) in prostate tumors. We also studied the clinical significance of YAP1 expression and its correlation with clinicopathological parameters of PCa. Furthermore, to investigate the relationship between YAP1 and the androgen receptor (AR), we analyzed their expression levels using publicly available data sets as well as by Western blot analysis in a panel of benign and malignant prostate cell lines.
Materials and methods

Patients and tissue samples
Upon approval of the protocol by the research and ethics committees, the pathology files from the Pathology Department of the Istanbul Medeniyet University Hospital were reviewed. Paraffin blocks were obtained from tissues of prostatectomy cases (2013 to 2015). The sample set included 54 PCa, prostate intraepithelial neoplasia (PIN), and cancer adjacent benign tissues that were routinely fixed in 10% neutral buffered formalin and embedded in paraffin.
Immunohistochemistry
The tissues were evaluated both histochemically using hematoxylin-eosin staining and immunohistochemically using YAP1 and pYAP1 antibodies. Sections of 4 μm were cut from paraffin blocks that were previously coated with poly-Llysine. Specimen slides were then deparaffinized with xylene for 10 min and rehydrated. Hydrogen peroxide, phosphate buffered saline (PBS), and a nonspecific blocking reagent (Leica Biosystems, Newcastle upon Tyne, UK) were applied as antigen retrieval solutions. The tissue sections were incubated at room temperature for approximately 90 min with primary antibodies (anti-YAP1, diluted 1:400; antipYAP1, diluted 1:50; catalog No. 12395 and 4911, respectively; Cell Signaling Technology, Danvers, MA, USA) to detect YAP1 and pYAP1 (phosphorylated at Ser127). This step was followed by detection using the Bond Polymer Refine kit for 25 min on a Bond-Max Autostainer (Leica Biosystems), visualization with diaminobenzidine chromogen, and counterstaining with hematoxylin. Cytoplasmic and nuclear staining of YAP1 indicated a positive sample. The findings were evaluated via quantitative morphometric analysis.
Evaluation of immunostained samples
All cases were reviewed by two pathologists (S.O. and P.Z.) who were blinded to the origin of the samples. For each patient, formalin-fixed paraffin-embedded tissue blocks containing prostatic adenocarcinoma, PIN, and cancer adjacent normal tissue in one block were prepared. YAP1 and pYAP1 expression was evaluated in the nucleus and cytoplasm of the tumor, PIN, and tumor adjacent normal epithelia. The intensity was scored as: 0 (negative), 1 (weak), 2 (intermediate), and 3 (strong). Discrepancies in scores were discussed to obtain a consensus.
Gene expression and protein profiles from public databases
Several publicly available PCa datasets were used for the analysis. All the data were downloaded from cBioPortal (www.cbioportal.org) 17, 18 
Western blot analysis
Total cell lysates were prepared on ice-cold lysis buffer (20 mM HEPES (pH 7.4), 150 mM NaCl, 0.5% Nonidet P-40, 1 mM EDTA, 5 mM NaF, protease inhibitors, and phosphatase inhibitors). Protein concentrations were determined by the Lowry method (Bio-Rad, Hercules, CA, USA). Forty micrograms of protein in the cell lysates were resolved by SDS-PAGE, transferred to nitrocellulose membranes, and blocked with PBST (PBS with 0.1% Tween 20) containing 5% (w/v) skimmed milk powder. Signals were detected using a WesternBright Sirius chemiluminescent horseradish peroxidase (HRP) substrate (Advansta Corporation, Menlo Park, CA, USA). Antibodies and working dilutions for Western blot were: anti-AR (1:1000, EMD Millipore, Darmstadt, Germany), anti-YAP1, (1:1000, Cell Signaling Technology), and anti-β-Actin (1:1000, Cell Signaling Technology). Immunoreactive protein bands were scanned using a digital chemiluminescent imaging system (Azure c300, Azure Biosystems, Dublin, CA, USA). The housekeeping protein β-Actin served as a loading control.
Quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR)
Total RNA was extracted from each group of PCa cell lines using a Quick RNA MiniPrep Kit (Zymoresearch, Irvine, CA, USA). The total RNA was quantified using a UV spectrophotometer (DS-11, DeNowix, Wilmington, DE, USA), and 1 μg RNA was used for the reverse transcription reaction to obtain cDNA. cDNA synthesis was performed using a SensiFAST cDNA Synthesis Kit (Bioline, London, UK) according to the manufacturer's instructions. The qPCR reactions were performed with 1 μL of cDNA to amplify the YAP1 and AR mRNA, with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the reference gene, using the RotorGene Q cycler (Qiagen, Hilden, Germany). The cycling conditions were as follows: 95 °C for 10 sec, 95 °C for 15 sec, and 60 °C for 1 min (40 cycles). The forward (F) and reverse (R) primer sequences for the YAP1, AR, and GAPDH mRNA obtained from Thermofisher were as follows: YAP1F: 5′-TGCGTAGCCAGTTACCAACACTG-3′, YAP1R: 5′-TCGAGA GTGATAGGTGCCACTG-3′, ARF: 5′-ATCCTCATATGGCCC AGTGTCAAG-3′, ARR: 5′-GCTCTCTAAACTTCCCGTGG CATA-3′, GAPDHF: 5′-GGAGCGAGATCCCTCCAAAT-3′-and GAPDHR: 5′-GGCTGTTGTCATACTTCTCATGG-3′.
Statistical analysis
For the statistical analysis of staining intensity between and within YAP1 and pYAP1 in the cytoplasm and nucleus of tumors, benign tissues, and PIN areas, the Kruskal-Wallis H-test and posthoc pairwise comparison tests were performed. The Kruskal-Wallis H-test is a nonparametric method used to test the differences between two or more groups of an independent variable on an ordinal dependent variable. In our analysis, the ordinal dependent variable was the staining intensity, and depending on the comparison that was pursued, the independent variables would be the protein type (YAP1 or pYAP1), cell compartment (nucleus or cytoplasm), and tissue type (tumor, benign, PIN). When the Kruskal-Wallis H test indicated a statistical difference between the groups of independent variables, we concluded that at least one of the groups of the independent variables was different from the others. In addition, if this test showed that there was a difference between the groups of the independent variables, to identify which group or groups were significantly different, we performed a posthoc pairwise comparison test to explore these differences. When comparing the YAP1 staining intensity with the clinicopathological parameters, staining intensity was grouped as "positive" or "negative". The staining intensities 3 (strong) and 2 (intermediate) were considered positive staining, whereas 1 (weak) and 0 (negative) were considered negative staining. Statistical significance was assumed when P < 0.05.
Results
Expression and subcellular localization of YAP1 and pYAP1 in human PCa tissues
We investigated YAP1 and pYAP1 expression using immunohistochemistry in PCa, PIN, and cancer adjacent benign tissue of 54 radical prostatectomy specimens. YAP1 was highly expressed both in the cytoplasm and nucleus of the benign tissue, whereas it was moderately expressed in PIN and cancer tissues in both cellular locations ( Figure  1A-C) . YAP1 expression was decreased in PIN and cancer tissues; benign tissue adjacent to cancer tissue exhibited stronger cytoplasmic and nuclear expression (Table 1, P < 0.05). pYAP1 expression levels were low in the cytoplasm and negative in the nucleus of most cases (Figure 1D and E) . There was no statistically significant difference in the expression of pYAP1 in the cytoplasm of all tissue types ( Table 1 , P > 0.05). The staining intensities of pYAP1 were different from each other in the cytoplasm and nucleus of all tissue types (benign, PIN, and cancer) investigated ( Table 1 , P < 0.05).
Correlation of YAP1 and pYAP1 expression with the clinicopathological features of PCa
The relationships between YAP1 expression and the clinicopathological characteristics of PCa were analyzed by ordinal regression. We did not find a significant relationship between the expression of nuclear and cytoplasmic YAP1 and patients' (positive) surgical margin, seminal vesicle invasion, Gleason score, and perineural invasion. However, we observed that high nuclear and cytosolic YAP1 levels were associated with extraprostatic extension (EPE) (P < 0.04) in PCa ( Table 2 ). The odds ratio for EPE was 3.61, indicating that in the presence of EPE, YAP1 was highly expressed. 
Investigation of YAP1 aberrations in PCa tissue samples using public databases
The correlation of high YAP1 staining with EPE led us to consider that YAP1 may have a role in metastasis. We selected the prostate adenocarcinoma (Fred Hutchinson CRC, Nat Med 2016) data set because it harbors primary PCa and matching metastatic tissue. We analyzed YAP1 mRNA expression in 13 matched local and metastatic PCa tissue samples. There was no difference in terms of YAP1 mRNA expression between the local and matched metastatic samples (Figure 2A) . Next, we obtained the copy number alteration (CNA) data for YAP1 in three different PCa datasets. The results indicated that CNA for YAP1 was much more common in metastatic samples than in primary tumors ( Figure 2B, C) . These aberrations were very heterogeneous, displaying both gains and losses at the YAP1 locus.
Investigation of AR-YAP1 correlation in PCa tissue samples using public databases and PCa cell lines
AR is a crucial transcription factor in PCa progression and an overall therapy target. We investigated the AR-YAP1 correlation using TCGA data. Interestingly, AR and YAP1 mRNA levels were positively correlated ( Figure 3A) , while AR and YAP1 were negatively correlated at the protein level ( Figure 3B) . We obtained similar results in several PCa cell lines ( Figure 4A, B, and C) . We assessed the level of YAP1 and AR proteins using western blotting. The level of YAP1 in AR-negative PCa cell lines (DU145 and PC3) and in an immortalized primary epithelial cell line (RWPE1) was higher compared to that in the AR-positive cell lines (LNCaP, LNCaP-abl, VCaP, DuCaP) ( Figure 4A) . However, YAP1 and AR mRNA levels were positively correlated (LNCaP, LNCaPabl, DU145, PC3, and RWPE1) and these results were in agreement with the results obtained from the datasets (Figure 4B and C) . The exceptions to this were the DuCaP and VCaP cell lines, in which AR and YAP1 were negatively correlated at both the mRNA and protein levels.
Discussion
In this study, we investigated the expression patterns and localizations of YAP1 and pYAP1 in PCa, and compared them with PIN and tumor adjacent benign tissue using immunohistochemistry. After immunohistochemical staining, we scored nuclear and cytoplasmic YAP1 and pYAP1 staining from 0 to 3, considering no staining as 0, low staining as 1, moderate staining as 2, and strong staining as 3. We correlated the staining intensity with the clinicopathological parameters of patients, which suggested that YAP1 is an indicator of EPE. Overexpression of YAP1 has been observed in cervical tumors 19 , breast cancer 7 , and PCa 15 . However, decreased or absent expression of YAP1 has also been reported in breast 13 and PCa 14 . In an early study investigating the YAP1-cancer association conducted by Zhao et al. 20 , elevated and nuclear-localized YAP1 was observed in PCa. The number of patients and their PCa status were not mentioned in the study, which made it difficult to compare their data with ours. Similar to a previous evaluation of YAP1 expression in PCa by Hu et al. 14 , we also observed that YAP1 expression was decreased in PCa tissues; normal prostate tissues adjacent to cancer exhibited stronger nuclear and cytoplasmic expression of YAP1.
YAP1 is located on chromosome 11q22 and was originally reported to be a candidate oncogene in mouse mammary tumors 21 . Amplification of the 11q22 chromosomal locus was observed in glioblastomas 22 , oral squamous-cell carcinomas 23 , and in cancers of the pancreas 24 , lung 25 , ovary 26 , and cervix 27 . However, Overholtzer et al. 21 could not detect YAP amplification in more than 100 sporadic human breast cancers using qPCR analysis of microscopically dissected specimens. Loss of heterozygosity (LOH) was reported in early genetic studies of breast cancer and PCa 28 .
The decrease of YAP1 expression could be explained by LOH in our study groups; however, further investigations should be done to test this hypothesis. In contrast to our results, no differences were found between localized tumors and control tissues taken from BPH patients in the study by Jiang et al. 29 . However, using other patients' tissues as controls may represent a complication when interpreting the outcome. In contrast to our observations, immunohistochemical analysis of 31 prostate tumors and matching normal tissues revealed that YAP1 was overexpressed in PCa 30 . The assessment of YAP1 expression in normal prostate (n=9) and PCa tissues (n=22) using IHC by Kuser-Abali et al. 31 showed that YAP1 was amply stained in both cases. Staining of the tissues was mainly nuclear, was not uniform, and its intensity was heterogeneous, differing from no-staining, low-staining, and overstaining within the same samples and among the samples. We also observed similar staining patterns in our working cohort, which might be caused by the complexity of Hippo-YAP1 regulation and the mechanisms involved in different cases. To understand these mechanisms, we analyzed the AR-YAP1 correlation using a publicly available TCGA dataset. AR is a central player in PCa progression and is the main regulator of gene transcription in prostate tissue. Therefore, it is important to determine if YAP1 and AR levels are correlated. At the mRNA level, AR and YAP1 were positively correlated. However, at the protein level, this correlation was negative. This further proved that AR-YAP1 interplay is complex and that not only transcriptional, but post-transcriptional mechanisms are also involved in their regulation. Further research is required to elucidate these mechanisms. YAP1 is a transcription cofactor and is believed to act as an oncogene in the nucleus by promoting cell proliferation and inhibiting apoptosis. Phosphorylation of YAP1, particularly at serine 127, generates a 14-3-3 binding site that leads to YAP1 moving from the nucleus to the cytoplasm [32] [33] [34] . YAP1 becomes inactivated by this relocalization and its ability to act as a co-activator is diminished 32, 35 . We could not relate the dysregulation of YAP1 expression to its phosphorylation status and the cytoplasmic versus nuclear localization of pYAP1 because the staining intensity of pYAP1 was 1 in the cytoplasm and 0 in nucleus of all normal, PIN, and cancerous tissues. Consistent with the tissue samples, both normal cells (RWPE1) and cancer cells expressed pYAP1 and YAP1 in varying degrees.
The results suggested that YAP1 is an indicator of EPE, which led us to question whether YAP1 might have a role in metastasis. When we analyzed PCa tissue and its matched metastatic tissue, there was no difference in the YAP1 mRNA level. However, we need to keep in mind that posttranscriptional mechanisms may be involved in the analyzed sample set. Kang et al. 10 observed that in gastric cancer and normal gastric mucosa, the YAP1 mRNA and protein level did not correlate. Although the mean YAP1 mRNA expression was not higher in tumor tissue than in paired adjacent normal tissue, YAP1 was abundant in cancer tissue, whereas it was rare in normal adjacent tissue. In a recent study by Lee et al., 36 where the transition in PCa progression from a local tumor to lymph node metastasis was modeled by transplanting mice with PC3 cells orthotopically, YAP1 expression was reported to be different in primary tumors and lymph nodes. In the primary tumor, fewer cells expressed YAP1 compared with the number of YAP1-positive cells in the lymph nodes. As a result, the staining intensity of YAP1 was higher in the metastatic samples. They suggested that biophysical cues present in the lymphatics and/or lymph nodes contributed to high YAP1 expression in metastases. It would be of particular relevance to examine YAP1 expression at the protein level in matched local and metastatic PCa tissue specimens to better understand its function in PCa metastasis.
Although the YAP1 staining intensity was generally higher in normal adjacent tissue compared to that in the cancerous areas in our patient cohort of primary PCa, YAP1 was still present and was moderately expressed in the cancer tissues. Further in vitro functional analyses in PCa cell models as well as animal studies should be performed to better understand the role of YAP1 in PCa tumorigenesis.
